Previous research has revealed that people can suppress salient stimuli that might otherwise capture visual attention. The present study tests between 3 possible mechanisms of visual suppression. According to first-order feature suppression models, items are suppressed on the basis of simple feature values. According to second-order feature suppression models, items are suppressed on the basis of local discontinuities within a given feature dimension. According to global-salience suppression models, items are suppressed on the basis of their dimension-independent salience levels. The current study distinguished among these models by varying the predictability of the singleton color value. If items are suppressed by virtue of salience alone, then it should not matter whether the singleton color is predictable. However, evidence from probe processing and eye movements indicated that suppression is possible only when the color values are predictable. Moreover, the ability to suppress salient items developed gradually as participants gained experience with the feature that defined the salient distractor. These results are consistent with first-order feature suppression models, and are inconsistent with the other models of suppression. In other words, people primarily suppress salient distractors on the basis of their simple features and not on the basis of salience per se.
In daily life, people must frequently be alerted to important or dangerous information in the environment. To accomplish this, objects are often equipped with salient features, such as neon colors or flashing beacons. For example, bicyclists frequently wear brightly colored clothing and use flashing lights to attract the attention of busy drivers. This is based on an implicit assumption that salient stimuli will automatically attract an observer's attention, even when the observer is not actively seeking these stimuli. However, researchers have actively debated whether salient signals automatically guide visual attention.
The field has traditionally been divided into to two competing theoretical camps, which make opposing predictions. Stimulusdriven theories propose that salient features automatically capture visual attention, regardless of the viewer's goals (Franconeri & Simons, 2003; Theeuwes, 1992 Theeuwes, , 2010 Yantis & Jonides, 1984) . Many studies use uniquely colored objects on a homogenous background (called color singletons) as the salient stimuli. Stimulus-driven theories garner support from studies using visual search tasks showing that the presence of salient stimuli can slow target detection (Theeuwes, 1992) and attract overt shifts of the eyes (Theeuwes, Kramer, Hahn, & Irwin, 1998) .
Goal-driven theories, however, propose that visual attention is captured only by features that match the target of the search task (called an attentional set; Folk & Remington, 2010; Folk, Remington, & Johnston, 1992) . These theories are supported by studies demonstrating that capture by salient items is contingent upon the item's match with the feature used to locate the target (Bacon & Egeth, 1994; Folk, Leber, & Egeth, 2002; Folk & Remington, 1998; Lien, Ruthruff, Goodin, & Remington, 2008; Lien, Ruthruff, & Johnston, 2010) . Goal-driven theorists reason that many supposed instances of "stimulus-driven" capture by color singletons results from the use of an attentional set that favors any type of feature singleton rather than a specific feature value (called singleton-detection mode; Bacon & Egeth, 1994; Pashler, 1988; Leber & Egeth, 2006) .
At face value, these two theories make exactly opposite predictions about when to expect attentional capture, both in the laboratory and in daily life. However, substantial bodies of research have accumulated in favor of both theories, leaving the field in a quandary. The empirical stalemate has now lasted decades, and a resolution is badly needed: Attentional capture research has profound implications for the basic science of vision and is pertinent to the design of visual warning signals.
The Signal Suppression Hypothesis
One proposed reconciliation to the attentional capture debate is the signal suppression hypothesis (Sawaki & Luck, 2010) . According to this hybrid model, all salient items produce a bottom-up salience signal that automatically attempts to attract spatial attention. However, this salience signal can be suppressed by a topdown inhibitory mechanism before attention shifts to the object generating the salience signal. Similar to stimulus-driven theories, this theory predicts that the most salient item in the visual field will capture attention by default, but only in the absence of top-down suppression. In the presence of top-down suppression, attentional capture can be avoided. Thus, as in goal-driven theories, the actual presence or absence of capture will depend on top-down attentional control. However, unlike goal-driven theories, the signal suppression hypothesis posits that salient items will capture attention even if they do not match the attentional set unless the suppression mechanism is used.
Initial evidence for suppression of salient stimuli came from an event-related potential component called the distractor positivity (P D ), which appears to reflect distractor suppression (Hickey, Di Lollo, & McDonald, 2009) . Several studies showed that salient distractors elicit a P D component in the absence of behavioral capture (e.g., Eimer & Kiss, 2008; Gaspar & McDonald, 2014; Jannati, Gaspar, & McDonald, 2013; Sawaki & Luck, 2010 . In most of these studies, however, the evidence for suppression was indirect: It is impossible to be certain that the event-related potential component observed in these experiments was the same as the P D component that reflects distractor suppression.
To provide converging evidence of suppression, Gaspelin, Leonard, and Luck (2015) used a novel behavioral task called the capture-probe paradigm (see also Kim & Cave, 1995) . On most trials, participants performed a traditional capture task-they searched for a target shape (e.g., green diamond) and made a speeded response to the location of a dot within the target shape. An irrelevant color singleton could be present or absent. If this singleton captured attention, responses should be slower on trials where the singleton was present than on trials when it was absent (a singleton presence cost). On other trials, the search array appeared with probe letters superimposed over the stimuli, and participants performed a probe task in which they attempted to report as many of the probe letters as possible. The probability that the probe is reported at a given location can be used as an index of the degree of processing at that location. For example, probes presented at the target location were very likely to be reported. The key result was that, under conditions that elicited no singleton presence cost, participants were actually less likely to report letters at the singleton distractor location than at a typical nonsingleton distractor location. This result indicated that processing at the location of the salient item was suppressed. Gaspelin, Leonard, and Luck (2017) provided converging evidence of suppression using a paradigm that measured overt eye movements. Participants performed a task that was nearly identical to the search trials in the aforementioned capture-probe study except that the search displays were modified to encourage eye movements and no probe stimuli were used. Consistent with the signal suppression hypothesis, participants' first eye movements were less likely to land on singleton distractors than to land on nonsingleton distractors. In other words, overt shifts of visual attention to singleton distractors were suppressed below baseline levels. Similar results were reported in monkeys by Ipata, Gee, Gottlieb, Bisley, and Goldberg (2006) .
Classes of Attentional Guidance Signals
Multiple sources of evidence now support the hypothesis of a mechanism that suppresses salient singleton distractors. However, it is not yet known how the visual system determines which items in the visual field should be suppressed, and the goal of the present study was to address this gap in knowledge. Before describing our specific hypotheses, however, we will first review the types of information that may be used to guide visual attention more generally.
The simplest possibility is that attention is guided by first-order features, which are the specific feature values of a single object (e.g., blue, horizontal, bright). Presumably, various dimensions of first-order features-such as color, orientation, and luminanceare represented in maps that indicate the locations of specific feature values in the visual field. These feature maps are constructed preattentively, allowing them to guide visual attention (Treisman & Gelade, 1980) . First-order feature maps are a key component of virtually every model of visual attention (Itti & Koch, 2001; Luck, Girelli, McDermott, & Ford, 1997; Treisman & Gelade, 1980; Wolfe, Cave, & Franzel, 1989) .
The visual system also represents second-order features, which are defined by relationships among the values within a first-order feature dimension (Cavanagh & Mather, 1989; Chubb & Sperling, 1989; Julesz, 1975) . Feature discontinuities are a subclass of second-order features that have received considerable interest in attention research. They represent differences between the feature value of one object and nearby objects. For example, a color singleton is a particularly potent feature discontinuity that could potentially be used to guide attention, even if the observers do not know the first-order feature of the item for which they are searching (e.g., whether it is red among blue or green among yellow). Note that second-order feature discontinuities could be defined separately for each individual feature dimension. For example, color discontinuities could be represented separately from shape discontinuities. Second-order feature maps of feature discontinuities are proposed, most notably, by guided search models (Wolfe, 1994; Wolfe et al., 1989) .
A third type of representation is a global-salience map, which combines information from multiple first-and second-order feature maps to provide a dimension-independent map of salience. Several models of visual attention posit the existence of such a dimension-independent salience map (Itti & Koch, 2001; Koch & Ullman, 1985; Treisman & Gelade, 1980; Treisman & Sato, 1990) . The "activation map" in guided search models may also be viewed as a dimension-independent salience map (Wolfe, 1994; Wolfe et al., 1989) .
Previous evidence strongly suggests that each of these three types of representations plays a role in guiding attention toward specific objects. For example, in visual search tasks, if the target color is known in advance, attention will be rapidly directed to This document is copyrighted by the American Psychological Association or one of its allied publishers.
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objects containing that color, even if target-colored objects are not distinguished by second-order feature information or other bottom-up salience signals (Egeth, Virzi, & Garbart, 1984; Lien et al., 2008; Luck et al., 1997; Sun, Chubb, Wright, & Sperling, 2016; Woodman & Luck, 1999 . Thus, first-order features can certainly guide attention. Furthermore, attention will be guided even more rapidly to an item defined by a particular color if that color is very different from the colors of the surrounding objects (Duncan & Humphreys, 1989; Julesz, 1975; Luck & Hillyard, 1994; Treisman & Gelade, 1980) , providing evidence that secondorder feature discontinuities can also guide attention. Other evidence suggests that attention can be guided by global salience, independent of both feature values and feature dimensions (Gottlieb, Kusunoki, & Goldberg, 1998; Itti & Koch, 2001 ).
Potential Mechanisms of Suppression
Because these three types of representations are used to guide visual attention toward specific objects, it is prima facie plausible that they could be used to guide attention away from specific objects. Moreover, as reviewed in this section, there is suggestive evidence that these representations can be used to guide suppression. However, the existing evidence is either indirect or incomplete. In the current study, therefore, we directly tested the role of each of these three types of representations in controlling the suppression of salient distractors. The three models are summarized in Table 1 .
According to a first-order feature suppression model, the visual system can be set to ignore only specific feature values. For example, if a salient distractor is consistently red, participants may learn to suppress red items. Some evidence indirectly supports this possibility (Andrews, Watson, Humphreys, & Braithwaite, 2011; Arita, Carlisle, & Woodman, 2012; Cunningham & Egeth, 2016; Vatterott & Vecera, 2012; Watson & Humphreys, 1997; Woodman, Luck, & Schall, 2007) . Notably , Vatterott, and Vecera (2012) had participants search for a green circle among other green shapes and an irrelevant singleton distractor appeared on half of trials. Importantly, the color of the singleton remained constant over a block of trials and then changed for the next block (e.g., yellow in the first block, red in the second block, blue in the third block, etc.). In the first half of each block, there was a robust singleton presence cost, suggesting that the singleton captured attention. In the second half of each block, singleton presence costs were absent, suggesting that the singleton no longer captured attention. This was taken as evidence that, as participants gained experience with the particular feature value of color singleton, they were able to suppress items containing this feature value. This is an example of a first-order feature suppression model because participants required advance knowledge of the singleton color to suppress it. However, this study did not yield direct evidence of suppression per se: It simply yielded an absence of a singleton presence cost, which could mean that the singleton was treated equivalently with the nonsingleton distractor items rather than being suppressed.
According to a second-order feature suppression model, the visual system can be set to suppress local feature discontinuities on a specific feature dimension. For example, imagine a task where a participant is searching for a pop-out target defined by shape (e.g., a circle among diamonds), and a task-irrelevant color singleton is presented in an unpredictable color. To perform the task, participants might ignore feature discontinuities on the color dimension, but boost feature discontinuities on the shape dimension. Indeed, there is some evidence that visual attention can be selectively tuned to detect feature-discontinuities on a specific feature dimension (the dimensional weighting account; Found & Müller, 1996; Müller, Heller, & Ziegler, 1995; Müller, Reimann, & Krummenacher, 2003) . For example, Müller et al. (1995) found that participants could rapidly detect feature discontinuities when the relevant feature dimension was known in advance (e.g., "find the orientation singleton"), but detection performance was poorer when the dimension of the feature discontinuity was unknown (e.g., "find the pop-out"). This is clear evidence that feature discontinuities may boosted on a specific feature dimension. However, it is unclear if visual attention can actually suppress feature discontinuities on a given feature dimension.
According to a global salience suppression model, the visual system can suppress the item with the strongest bottom-up salience signal (or any item that exceeds some threshold), irrespective of the features that produce that signal. Unlike the second-order feature suppression models mentioned above, global salience suppression models are completely blind to feature dimensions. In other words, the salience signal is a weighted sum across several dimensions (line orientation, color, shape, luminance) that is merged before it reaches the suppressive mechanism. This model also seems reasonable and is supported indirectly by previous research. For example, Sawaki and Luck (2010, Experiment 3) had participants search for a target letter (e.g., large A) among other letters and make a speeded button-press if it was present. On some trials, no target was presented and instead a color singleton distractor was presented. Importantly, the color of the target and singleton varied randomly trial by trial in this experiment. The color singleton was a green singleton among red items on some This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
trials, and it was a red singleton among green items on other trials. Thus, participants could not predict the upcoming singleton color. Nonetheless, the singleton elicited a significant P D component, suggesting that the singleton was suppressed even though participants had no foreknowledge of the singleton feature. However, this conclusion relies on the assumption that the P D component reflects suppression, which is not yet known with certainty to be true in all cases.
The Current Study
Each of these three models can explain the suppression of salient items observed in previous research (Gaspelin et al., , 2017 ). In the current study, we distinguish between them by testing whether suppression requires advance knowledge of the salient item's specific feature value. If so, this would effectively rule out the second-order suppression models and the global-salience suppression models, because both models predict that suppression of salient singletons can occur without foreknowledge of the upcoming singleton's color value (see the rightmost column in Table 1 ). First-order feature suppression models uniquely predict that suppression of salient items is impossible without knowledge of the upcoming singleton's color value.
We test the role of first-order feature knowledge by using converging methods that allow us to assess processing at each location. In Experiment 1, we use a capture-probe paradigm that is nearly identical to that used by Gaspelin et al. (2015, Experiment 4) , except that we vary the stimulus colors randomly trial by trial. Experiment 2 replicates the findings of Experiment 1 with different stimuli and task timings. Experiment 3 extends these findings to overt shifts of visual attention, using an eyetracking paradigm similar to that used by Gaspelin et al. (2017, Experiment 3) . Experiment 4 uses this same eyetracking paradigm to demonstrate that, as participants gain experience with a particular singleton feature value, they gradually learn to suppress that first-order feature value.
To preview the results, all four experiments provided strong evidence that first-order feature information is required to suppress singletons. Because Sawaki and Luck (2010) found that salient singleton distractors elicited a P D even when the target and singleton colors were unpredictable, we initially predicted that these experiments would support either the global-salience model or the second-order feature suppression model. However, we found evidence that in every case favored first-order feature suppression models and was inconsistent with global salience-based and second-order feature suppression models.
Experiment 1
In a previous study, Gaspelin et al. (2015, Experiment 4) used the capture-probe paradigm to demonstrate that people could suppress salient singletons when the singleton feature was predictable. The key finding was that participants were less likely to report probe letters at the singleton distractor location than at the nonsingleton distractor locations (called a probe suppression effect). The purpose of Experiment 1 was to determine whether this suppression effect remains when the singleton color is unpredictable. The method was identical to that of Gaspelin et al. (2015, Experiment 4) , except that the singleton and nonsingleton colors swapped unpredictably from trial to trial.
1 Both global salience models and second-order suppression models propose that people can suppress color singletons even if they do not know the firstorder feature values of a given singleton. Thus, these models predict robust probe suppression effects. According to first-order feature suppression models, however, participants should not be able to suppress the singleton when they cannot predict its color. Thus, this model predicts that probe suppression effects should be eliminated in this experiment.
Method
Participants. We chose an a priori sample size of 24 participants per experiment to match our prior experiments using the capture-probe paradigm . After the completion of the experiment, we conducted a power analysis to determine whether our sample size had been adequate to detect the types of suppression effects we have observed in previous probe studies. We estimated the population effect size and standard deviation by pooling the probe suppression effects (see above) across participants from three previous experiments that were similar in methodology to the current experiment (Gaspelin et al., 2015, Experiments 2-4) , yielding an N of 72 participants. The probe suppression effects in the pooled data were quite robust, with an effect size of d z ϭ .970. Thus, to achieve a power of 95% and an alpha of 5% with this effect size, a sample size of 16 participants would be needed. Thus, our sample size of 24 participants was more than adequate to detect an effect of this magnitude. However, this effect size was estimated from a finite sample, and the actual population effect size may be substantially smaller than this estimate (leading to reduced power). We therefore computed a bootstrapped confidence interval on this effect size by sampling with replacement 10,000 times from the set of 72 participants (Efron & Tibshirani, 1993) , which yielded a 95% confidence interval (CI) of d z [.75, 1.24] . Thus, we can be 95% certain that the population effect size from these previous experiments is at least 0.75. With the sample size of 24 participants used in each of the present experiments, we had 94% power to detect an effect of this size. Thus, our power was quite high even with this very conservative estimate of the anticipated effect size.
The participants were University of California, Davis students who participated to receive course credit. One participant had abnormally low accuracy (more than 2.5 SD from the group mean) and was replaced. Of the final sample participants, 21 were female and three were male. The mean age was 20.0 years. All participants reported (in every experiment reported here) had normal color vision as assessed by an Ishihara color vision test and had normal or corrected-to-normal visual acuity. This study received ethical approval from an institutional review board at the University of California, Davis.
Apparatus. Stimuli were presented using PsychToolbox (Brainard, 1997) on an HP ZR2440w liquid crystal display monitor with a black background that was placed at a viewing distance of 70 cm. A photosensor was used to measure the timing delay of the video system (32 ms), and this delay was subtracted from all latency values reported in this article.
Stimuli and procedure. The stimuli and procedure were identical to those in Gaspelin et al. (2015, Experiment 4) , except that the singleton and nonsingleton colors swapped randomly trial by trial (see Figure 1) . Each search display contained four shapes: a diamond (1.6°ϫ 1.6°), a circle (1.4°diameter), a square (1.2°in width and height), and a hexagons (1.5°in width and height) drawn in green (30.5 cd/m 2 , x ϭ .30, y ϭ .61) or red (30.4 cd/m 2 , x ϭ .64, y ϭ .34). The target was always the diamond for half of the participants and always the circle for the other half. Each shape was centered 2.0°from fixation and contained a 0.2°black dot located 0.2°from either the left or right side of the shape. On probe trials, uppercase letters (0.8°tall) were presented in white (132.0 cd/m 2 ) at the center of each shape using an Arial font, followed by # symbols as masks. A subsequent response screen contained all letters from the English alphabet in white. A gray fixation cross (30.3 cd/m 2 , 0.4°ϫ 0/4°) was continuously visible except during the response screen and intertrial interval.
On search trials (70% of trials), the task was to report whether the black dot was on the left or right side of the target shape (by pressing keys labeled "L" or "R" on the keyboard with their left hand). Target location and dot location varied randomly. All items were a single color on 50% of trials (red for half of the participants and green for the others), and one item was drawn in the other color on the remaining trials. The location of this color singleton distractor was random except that it was never the target location. Participants were told this and were encouraged to ignore the color singleton. Search trials began with a presentation of a blank screen for 500 ms followed by a fixation screen for 1,000 ms. Next, the search array appeared until response. If participants took too long to respond (more than 2,000 ms), a timeout display appeared with the text "too slow" for 500 ms. If the response was incorrect, a 200-Hz tone sounded for 500 ms.
On probe trials (30% of trials), a letter was presented inside each shape. The letters on a given trial were selected at random, without replacement, from the 26 letters of the English alphabet. On these trials, participants did not make a dot-location response but instead used the mouse to click on all letters on a response screen that they remembered seeing in the probe display (with no time pressure). The letter-probe array appeared for 100 ms. Next, to minimize any movement of spatial attention within iconic memory, the probe letters were immediately replaced with masks (# symbols) embedded inside the shapes for 500 ms (Loftus, Johnson, & Shimamura, 1985) . Finally, the response screen appeared, and participants reported as many letters as they could remember (between 0 and 4) via mouse click. Each letter in the response screen turned yellow when clicked, and the participant clicked a gray OK box (4.5 o ϫ 2.5°) when finished.
To achieve good performance in this paradigm, we have found that participants need substantial practice with the search task alone before the probe trials are added. Consequently, participants first practiced only the search task for two blocks of 48 trials. Then, participants practiced the combined capture-probe paradigm for two blocks of 48 trials. The main experiment consisted of 10 blocks of 48 trials, yielding 144 probe trials, 72 with and 72 without an irrelevant singleton. Participants received block-byblock feedback on mean response time (RT) and accuracy.
Analysis. Trials with an RT less than 200 ms or greater than 1,500 ms (0.9% of trials) were excluded from all search-task analyses. Additionally, trials with an incorrect response (2.2%) were excluded from search-task RT analyses. These trial-by-trial Figure 1 . Stimuli from Experiment 1, which were identical to those of Gaspelin et al. (2015, Experiment 4) , except that the target and singleton color changed randomly trial by trial. On search trials, participants made a speeded button-press to the location of a dot (left or right) inside the target shape. On probe trials, letters appeared briefly at each search location and then were immediately masked. Participants reported as many letters as possible from this array, via mouse click. In grayscale versions of this figure, red objects are shown in light gray and green objects are shown in dark gray. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
exclusion criteria were established a priori to match the methods used by , making it possible to directly compare results across studies. 1 Mean accuracy for the search task was 97.8% (with the lowest accuracy being 94.7%).
We used t tests and analysis of variance (ANOVAs) for all statistical analyses. Because our data (especially the proportion correct values) may deviate significantly from normality, we additionally conducted a permutation test to compute a nonparametric p value for each t and F value (e.g., see Pitman, 1937; Welch, 1990) . For the t tests and one-way ANOVAs, we created 10,000 permutations of the original data and conducted t or F tests on these permutations to obtain an empirical null distribution of the t or F statistic. For our 2 ϫ 2 factorial ANOVAs, we reduced each main effect to a t test by averaging across the other dimension prior to permutation, and we reduced the interaction to a t test by computing a difference score for one dimension at each level of the other dimension, permuting the scores, and performing a t test comparing the two difference scores (Anderson & Braak, 2003) . The resulting null distribution for a given test is the distribution of t or F values that would be expected to be obtained by chance alone. We then calculated the proportion of t or F values that were greater than the observed t or F value, which is the nonparametric p value for that test. We found that the permutation-based p values were quite close to the original p values from the parametric tests, and every permutation test in the present study produced the same accept/reject null-hypothesis decision as the corresponding parametric test. Thus, we report only the parametric p values. We additionally report Cohen's d as a measure of effect size for each experiment. We used d s for between-subjects comparisons and d z for within-subject comparisons (for the exact formulas, see Lakens, 2013) .
In cases where the absence of an effect was important for distinguishing between competing theories, we provide the Bayes factor corresponding to the t test (Rouder, Speckman, Sun, Morey, & Iverson, 2009 ), using the Jeffrey-Zellner-Siow prior on effect size with the default scale factor of 0.707. Bayes factors quantify the relative likelihood of obtaining the observed data under the null hypothesis compared to the alternative hypothesis, and they are equally well suited to quantifying the evidence for versus against the null hypothesis. Figure 2a , responses in the search task were slower when the color singleton was present (665 ms) than when it was absent (650 ms), t(23) ϭ 3.864, p Ͻ .001, d ϭ .789. This 15-ms singleton presence cost may reflect genuine attentional capture by the color singleton; however, it may instead reflect a slowed decision about where to move attention rather than an allocation of attention to the location of the singleton (i.e., a filtering cost; Becker, 2007; Folk & Remington, 1998) . Consequently, the probe trials are essential to provide a more conclusive answer about the allocation of visual attention to items in the search display (see below). Error rates did not significantly differ between singleton-absent trials (2.2%) and singleton-present trials (2.1%), t(23) ϭ .296, p ϭ .770, d ϭ .060.
Results

Search task analysis. As shown in
Probe Task Analysis. Participants reported an average of 2.0 letters per trial, and 79% of these letters were actually present in the probe array. We calculated the proportion of probes that were reported at the target location, at the singleton location, and at each nonsingleton location. We then averaged across the nonsingleton locations to provide a "per location" measure of probe accuracy.
As shown in Figure 2b , probe letters inside the singleton distractor were approximately equally likely to be reported as probe letters inside nonsingleton distractor locations (means of 37% vs. 36%, respectively). In other words, the probe suppression effectcalculated as probe report accuracy averaged across the nonsingleton distractor locations minus probe report accuracy at the singleton location-was Ϫ1% (see the leftmost bar in Figure 2c ). A planned t test revealed no significant difference between these rates of report, t(23) ϭ .491, p ϭ .628, d ϭ .100. If anything, the nonsignificant trend was opposite to the direction predicted by second-order and global salience suppression models-accuracy at the singleton location was slightly enhanced. Because conven- Results are presented separately for trials on which the color singleton distractor was present and trials on which it was absent. (c) Singleton suppression effects, calculated as probe report accuracy for the average of nonsingleton distractors minus singleton distractors, from Experiment 1 (random color) contrasted with Gaspelin et al. (2015, Experiment 4; constant color) . Each white dot represents a unique participant's probe suppression effect. Error bars in (a) and (b) represent the within-subjects 95% confidence interval (Cousineau, 2005; Morey, 2008) . Error bars in (c) represent the between-subject 95% confidence intervals. This document is copyrighted by the American Psychological Association or one of its allied publishers.
tional frequentist statistics cannot be used to draw strong conclusions about the lack of a difference between conditions, we computed the Bayes factor for this comparison (Rouder et al., 2009 ). The Bayes Factor was 4.18 in favor of the null hypothesis, indicating that the data were considerably more consistent with the null hypothesis than with the alternative hypothesis. We also examined how the presence or absence of the color singleton affected the report of probe letters at the target and nonsingleton-distractor locations. As shown in Figure 2b , participants were slightly more likely to report probe letters at the target location than probe letters at the nonsingleton distractor locations. However, the presence of a color singleton did not greatly impact target or distractor processing (e.g., see , Experiment 1, for an example of singleton presence harming detection of target probes). These effects were formally analyzed in a two-way ANOVA with factors of singleton presence (present vs. absent) and probe type (target vs. nonsingleton distractor). This analysis indicated that accuracy was significantly higher for probes at the target location (40%) than for probes at the nonsingletondistractor locations (35%), F(1, 23) ϭ 18.734, p Ͻ .001, p 2 ϭ .449. This 5% difference reflects the attentional enhancement of the target stimulus. Note that experiments with longer exposure durations of the search array before the probe result in much larger target enhancement effects (see Experiment 2 or , Experiments 1 -3). The analysis also indicated that there was no significant difference in probe report accuracy when the singleton was absent (38%) than when the singleton was present (37%), F(1, 23) ϭ 2.373, p ϭ .137, p 2 ϭ .094. Finally, the interaction of singleton presence and probe type was nonsignificant, F(1, 23) ϭ 2.285, p ϭ .144, p 2 ϭ .090. We conducted planned t tests comparing probe report accuracy on singleton present trials and singleton absent trials. For probes at the target location, there was a trend for probe report accuracy to be higher on trials where the singleton was absent (41%) than trials where the singleton was present (39%), t(23) ϭ 1.846, p ϭ .078, d ϭ .377. For probes at the nonsingleton distractor location, accuracy was virtually identical on trials where the singleton was present (36%) versus when it was absent (35%), t(23) ϭ .234, p ϭ .817, d ϭ .048.
Across-experiment comparison. In the current experiment, we varied the singleton color randomly trial by trial (randomcolor), whereas Gaspelin et al. (2015, Experiment 4) used the same singleton color across the entire experimental session (constantcolor). Given that these two experiments were identical except for the randomization of the singleton color, we directly compared performance on the probe task from the two experiments. In the present random-color experiment, we observed essentially no difference in performance between probes at the singleton and nonsingleton distractor locations. In the constant-color experiment (Gaspelin et al., 2015, Experiment 4) , however, we observed an 8% suppression of performance for probes at the singleton location compared to probes at the nonsingleton distractor locations. These effects were formally analyzed in terms of probe suppression effects, calculated as probe report accuracy for nonsingleton distractors minus probe report accuracy for singleton distractors. As shown in Figure 2c , probe suppression effects were significantly larger when color was held constant (ϩ8%) than when it varied trial by trial (Ϫ1%), t(46) ϭ 3.59, p Ͻ .001, d s ϭ 1.036. These results clearly support models of suppression based on the use of first-order feature values and are incompatible with global salience-based suppression models and second-order feature discontinuity suppression models.
Note that some individual participants exhibited substantial probe suppression effects, even though the mean across participants was near zero (see the single-participant values in Figure 2c ). However, as described in the online supplemental material, we found no credible evidence that the data consisted of a mixture of some participants who were able to suppress the singletons and other participants who were captured by them.
Intertrial priming analysis. We also investigated the role of intertrial priming on attentional capture in the current experiment (Becker, 2010; Maljkovic & Nakayama, 1994) . Although color could not be used to reliably locate the target in the present experiment, the target color on one trial may have automatically led to an implicit attentional set for that color on the next trial. Relatedly, the singleton color on one trial may have led to the automatic suppression of that color on the next trial. In both cases, this would cause participants to boost the relevant feature on the next trial.
We compared capture effects and probe effects on color-repeat trials (e.g., green-red to green-red) and color-swap trials (e.g., green-red to red-green). This analysis revealed that singleton presence costs and probe capture effects were large on color-swap trials, confirming the effects of intertrial priming (see the online supplemental material for more details). However, this analysis was underpowered because it involved dividing the already-small percentage of probe trials (30%) into two subsets of trials. Nonetheless, it does raise the possibility that the swapping of the target and singleton colors in the present experiment might have led to priming effects that artificially eliminated the ability to suppress the singleton color. This possibility is addressed in Experiments 2 and 4.
Discussion
In previous studies, we found strong probe suppression effects when we held the singleton color constant across the session . The current experiment exactly replicated a previous experiment (Gaspelin et al., 2015, Experiment 4) , but swapped the singleton and nonsingleton colors randomly trial by trial. Probe suppression effects were completely eliminated. This contradicts global salience suppression models and second-order feature discontinuity suppression models but is consistent with a first-order feature suppression model. 
Experiment 2
Experiment 2 replicated Experiment 1 with two changes designed to increase the possibility of observing probe suppression effects. First, we used four possible color configurations (greenpink, pink-green, blue-orange, and orange-blue). We reasoned that more variability in the colors might discourage participants from relying on specific color values and encourage them to use 2 In this experiment, both the singleton and nonsingleton colors were unpredictable, which raises the possibility that the effects were driven by the unpredictability of the nonsingleton color rather than the singleton color. Experiment 4 shows that suppression is disrupted when the singleton color changes even when the nonsingleton color is held constant, indicating that the key factor is the predictability of the singleton color. This document is copyrighted by the American Psychological Association or one of its allied publishers.
second-order feature discontinuities or overall salience levels to determine which item should be suppressed. Increasing the number of colors reduces the likelihood that the singleton color on a given trial would be the same as either the singleton color or the target color from the previous trial (and therefore reduced the impact of priming from the previous trial). Second, we altered the timing of the probe trials to further encourage suppression. On probe trials, Experiment 2 provided a 100-ms preview of the search array before presenting the probe array. This has previously been shown to enhance target processing (e.g., , and it may also allow for increased sensitivity to probe suppression effects.
The predictions were identical to those of Experiment 1. According to global salience suppression models and second-order feature suppression models, participants will not require advance knowledge of the singleton color to suppress-thus, we should observe robust probe suppression effects. According to a firstorder feature suppression model, however, participants require advance knowledge of the singleton color to suppress-thus, we should observe no probe suppression effects.
Method
The methods were identical to those of Experiment 1, except for a few key changes. First, we ran a new set of 24 subjects on this experiment. This sample size was selected a priori to match the sample size of Experiment 1. One participant was replaced due to low accuracy (2.5 SD below the group mean) and one participant was replaced due to slow overall RTs (2.5 SD above the group mean). In the final set of participants, 19 were female and five were male. The mean age was 20.5 years.
Search arrays were constructed from the following photometrically equiluminant colors: blue (30.5 cd/m 2 , x ϭ .175, y ϭ .175), orange (30.5 cd/m 2 , x ϭ .175, y ϭ .175), pink (30.7 cd/m 2 , x ϭ .327, y ϭ .199), and green (30.5 cd/m 2 , x ϭ .293, y ϭ .606). To assure that the singleton colors "popped out" of the display, each color was paired with an opposing color that was farthest away in hue within our color space (i.e., orange with blue and pink with green), yielding four color configurations depending on which color was the target and which item color was the singleton (green-pink, pink-green, orange-blue, blue-orange). The color configuration was chosen randomly trial by trial.
We also altered the timing on probe trials. Each probe trial began with the presentation of the search array alone for 100 ms. Next, the letter-probe array appeared for 100 ms and was immediately replaced with masks (#) embedded inside the shapes for 500 ms. This technique has been previously shown to lead to very high accuracy for the report of target probes, as well as large suppression effects .
Results
Search task analysis. Trials with an RT less than 200 ms or greater than 1,500 ms (0.5% of trials) were excluded from all search-task analyses. Additionally, trials with an incorrect response (2.5%) were excluded from search-task RT analyses. Mean accuracy for the search task was 97.4% (with the lowest observed accuracy being 91.4%).
As shown in Figure 3a , responses in the search task were slightly slower when the color singleton was present (625 ms) than when it was absent (618 ms): a 7-ms singleton presence cost, t(23) ϭ 2.066, p ϭ .05, d ϭ .422. There was not a significant difference in error rates on singleton-absent trials (2.6%) and singleton-present trials (2.6%), t(23) ϭ .154, p ϭ .879, d ϭ .031. As in Experiment 1, these results suggest that, if anything, the color singleton weakly captured attention (but again, these small RT costs could reflect spatially nonspecific filtering costs, and the key predictions focus on the probe trials; e.g., see Folk & Remington, 1998) .
Probe task analysis. Participants reported an average of 1.6 letters per trial, and 89% of these letters were actually present in the probe array. As in Experiment 1, the key question was whether probe processing would be suppressed at the singleton location. As shown in Figure 3b , probe report accuracy at the location of the singleton distractor (32%) was approximately equal to accuracy at the average Results are presented separately for trials on which the color singleton distractor was present and trials on which it was absent. (c) Probe suppression effects, calculated as probe report accuracy for the average of nonsingleton distractors minus singleton distractors, from Experiment 2 (random color) contrasted with a supplemental comparison experiment that used a constant color. Each white dot represents a unique participant's probe suppression effect and the shaded gray areas represent a smoothed density curve. Error bars in (a) and (b) represent the within-subjects 95% confidence interval. Error bars in (c) represent the between-subject 95% confidence intervals. This document is copyrighted by the American Psychological Association or one of its allied publishers.
of the nonsingleton distractor locations (30%), t(23) ϭ .982, p ϭ .336, d ϭ .200. If anything, the nonsignificant trend was opposite to the direction predicted by second-order feature suppression and global salience suppression models. Participants were more likely to report the letter at the singleton location than at the nonsingleton locations. We again computed the Bayes factor for this comparison and found that it was 3.03 in favor of the null hypothesis. We also examined how the presence or absence of the color singleton affected the report of probe letters at the target and nonsingleton-distractor locations. As shown in Figure 3b , participants were much more likely to report probe letters at the target location than probe letters at the nonsingleton distractor locations-unlike in Experiment 1. However, the presence of a color singleton did not greatly impact target or distractor processing (e.g., see , Experiment 1, for an example of singleton presence harming detection of target probes).
These effects were formally analyzed in a two-way ANOVA with factors of singleton presence (present vs. absent) and probe type (target vs. nonsingleton distractor). This analysis indicated that report accuracy was significantly higher for probes at the target location (50%) than for probes at the nonsingleton-distractor locations (31%), F(1, 23) ϭ 63.133, p Ͻ .001, p 2 ϭ .733. This 19% difference reflects the attentional enhancement of the target stimulus. A planned t test revealed that this target enhancement was indeed greater in the current experiment with the delay between search array onset and probe array onset (19%) than in Experiment 1 with the search-combined-with-probe display (5%), t(46) ϭ 5.757, p Ͻ .001, d ϭ 1.662. The analysis also indicated a nonsignificant trend for probe report accuracy to be higher when the singleton was absent (41%) than when the singleton was present (40%), F(1, 23) ϭ 3.069, p ϭ .093, p 2 ϭ .118. Finally, the interaction of singleton presence and probe type was nonsignificant, F(1, 23) ϭ .613, p ϭ .442, p 2 ϭ .026. We conducted two planned t tests comparing processing at a given item's location when the singleton was present versus absent. For probes at the target location, probe report accuracy was not significantly different on trials where the singleton was absent (51%) compared to trials where the singleton was present (49%), t(23) ϭ 1.262, p ϭ .220, d ϭ .258. For probes at the nonsingleton distractor location, accuracy was virtually identical on trials where the singleton was present (30%) versus when it was absent (30%), t(23) ϭ .445, p ϭ .661, d ϭ .091. As in Experiment 1, we found no credible evidence that a subset of participants were able to suppress the singletons in this experiment (see online supplemental material).
Color unprimed trials only. This experiment used four color configurations (green-pink, pink-green, blue-yellow, and yellow-blue). Thus, on half of trials, the current color configuration was constructed of a completely different color configuration than the previous trial (color unprimed trials).
3 Weak versions of global salience-based/second-order feature discontinuity suppression models might predict large probe suppression effects, but only on color unprimed trials. In other words, participants may be able to suppress the salient item but only when these effects are not masked by intertrial priming.
To assess this possibility, we analyzed probe report accuracy on probe trials limiting the analysis to only unprimed trials. We found that participants were equally likely to report probes at the singleton location (31%) and at the nonsingleton locations (31%), t(23) ϭ .230, p ϭ .820, d ϭ .047. This 0% suppression effect suggests that participants did not suppress the singleton location even on trials where the target and singleton colors had not been presented on the previous trial. This is inconsistent even with weak versions of the global salience and second-order feature suppression models in which salience-based suppression can be observed only in the absence of intertrial priming. However, the results are fully consistent with the first-order feature suppression model. Some priming may still have been present from trials before the immediately preceding trial (e.g., Trial t -2), so this experiment cannot completely rule out any impact of priming on the lack of suppression. However, Experiment 4 will address this more definitively by using a procedure in which the target and singleton colors never switch roles.
Supplemental comparison experiment. We found no evidence of suppression in Experiment 2 when the singleton color was unpredictable. To be certain that the lack of suppression reflects the unpredictability of the singleton color and not some other feature of the experimental design, we conducted a comparison experiment that used the same methods and stimuli as Experiment 2 but held the singleton and nonsingleton colors constant across the entire experiment, giving participants an opportunity to use first-order feature suppression. For the sake of brevity, the details of this experiment are presented in online supplemental material.
Unlike Experiment 2, we found a significant probe suppression effect in this comparison experiment. Moreover, as shown in Figure 3c , the suppression in this comparison experiment (10%) was significantly greater than in Experiment 2 (Ϫ2%), t(46) ϭ 4.142, p Ͻ .001, d ϭ 1.19. Thus, suppression is possible when the singleton and nonsingleton colors are predictable and significantly reduced when they are unpredictable.
Discussion
Experiment 2 replicated the results of Experiment 1, with two key changes meant to encourage second-order or salience-based suppression: (a) We used four color configurations to increase the likelihood of suppression of feature discontinuities rather than specific color values, and (b) we increased the exposure duration prior to probe onset to provide more time for suppression to impact processing. Despite these changes, we still found no probe suppression effects. In other words, even when we established favorable conditions for global salience/second-order feature suppression models, participants still could not suppress color singletons. The present results are instead consistent with first-order feature suppression models.
Experiment 3
In Experiments 1 and 2, we used the capture-probe paradigm to assess suppression effects in covert visual attention. In Experiment 3, we provide converging evidence by assessing overt visual attention 3 The reader may notice that on singleton-absent trials, only one color from a pair was presented. We still classified each trial as belonging to a color pair, regardless of whether the singleton was presented. For example, we removed trials where the target color was pink and then was green. We did this to take extra precaution because participants may implicitly learn the color pairs to the point that presenting one color causes them to suppress another. This document is copyrighted by the American Psychological Association or one of its allied publishers.
using an eye-tracking paradigm developed by Gaspelin et al. (2017) . The general method was similar to that used in the search trials of Experiments 1 and 2 of the present study, except that the stimuli were modified to encourage eye movements. No probe trials were included. Instead, the landing position of the first eye movement on each trial was used to assess the attentional priority of the individual items within the search array. Previous research showed that, when the singleton color was predictable, initial eye movements were less likely to land on the singleton distractor than a baseline comparison (an oculomotor suppression effect; Gaspelin et al., 2017) . In Experiment 3, we replicated this paradigm except that we randomly swapped the singleton and nonsingleton colors trial by trial, as in Experiment 1. According to global salience and second-order feature models, oculomotor suppression of the singleton should still be robust: First eye movements should be less likely to land on the color singleton than on the nonsingleton distractors. According to first-order feature suppression models, however, oculomotor suppression effects should be eliminated because participants now have no foreknowledge of the upcoming singleton color.
Method
Participants. We chose an a priori sample size of 28 participants, matching similar eye-tracking experiments from our lab (Gaspelin et al., 2017) . After the completion of the experiment, we conducted a power analysis to determine whether our sample size had been adequate to detect the types of suppression effects we have observed in previous eye-tracking studies. We estimated the population effect size and standard deviation by pooling the oculomotor suppression effects (as defined above) across the participants in two previous experiments with similar methods (Gaspelin et al., 2017 , Experiments 2-3), resulting in an N of 40. The oculomotor suppression effect was quite large: d ϭ 1.63. Thus, to achieve a power of 95% and an alpha of 5% for this effect size, a sample size of 8 participants would be needed. Thus, our sample size of 28 was more than adequate to detect oculomotor suppression effects of the sort observed in our previous experiments. As in Experiment 1, we used a bootstrapping approach to estimate a confidence interval around this effect size. With 10,000 bootstraps, we obtained 95% CI [1.01, 2.41]. With the sample size of 28 participants used in each of the eye-tracking experiments, we had 99% power to detect an effect of this size.
One participant had abnormally low accuracy (more than 2.5 SD from the group mean) and was replaced. Of the final sample of participants, 17 were female and 11 were male. The mean age was 20.9 years.
Apparatus. The stimulus presentation system was identical to that used in Experiments 1 and 2. An SR Research Eyelink 1000 desk-mounted system recorded eye position monocularly from the right eye at 500 Hz.
Stimuli and procedure. The stimuli and procedure were nearly identical to those used in Gaspelin et al. (2017, Experiment 3) and were analogous to those used in Experiments 1 and 2 of the present study except that the displays were adapted to measure eye movements (see Figure 4) . Each search display contained six items distributed at equal distances around a notional circle with a radius of 4.5°. The individual stimuli were diamonds (0.8°ϫ 0.8°), circles (0.9°diameter), squares (0.8°in width and height), and hexagons (0.8°in width and height) drawn in red (23.3 cd/m 2 , x ϭ .65, y ϭ .34) or green (23.3 cd/m 2 , x ϭ .29, y ϭ .63). Each shape contained a black line subtending 0.30°ϫ 0.05°that was tilted 45°t o the left or right. A gray fixation cross (23.3 cd/m 2 , 0.1°ϫ 0.1°) appeared on a screen before the search array.
The search target was defined as a specific shape (diamond or circle). The task was to report whether the line inside the target shape tilted to the left or right (by pressing gamepad buttons with the left or right index fingers). Pilot studies indicated that participants could not easily report the orientation of the target line without fixating it. Thus, our task implicitly required eye movements, but we did not explicitly instruct participants to move their eyes toward the target. Target location and target line tilt varied randomly.
The target and the nonsingleton distractors were green on half of trials and red on the other half (in unpredictable order). A color singleton was presented on 50% of trials and was always the opposite of the nonsingleton color. The location of this color singleton distractor was random except that it was never the target location. Participants were told this and were encouraged to ignore the color singleton.
Trials began with the presentation of a blank screen for 500 ms. This was followed by a fixation screen containing only the fixation point; this screen remained visible until the participant maintained fixation within a 1.5°radius of the fixation point for 100 ms. The search array then appeared and remained visible until response. If participants took too long to respond (more than 3,000 ms), a timeout display appeared with the text "too slow" for 500 ms. If the response was incorrect, a 200 Hz tone sounded for 500 ms. The blank screen for the next trial then appeared immediately. Participants practiced the search task for two blocks of 64 trials. The main experiment consisted of 10 blocks of 64 trials, yielding 640 trials, 320 with and 320 without an irrelevant singleton. Note that this is nearly double the number of trials used in the previous study of Gaspelin et al. (2017) , which was intended to maximize our ability to detect probe suppression effects. Participants received block-by-block feedback on mean RT and accuracy. At the beginning of each block, the eyetracker was calibrated using a nine-point calibration technique. During the main task, the eyetracker was recalibrated if a participant failed to fixate the central cross for more than 8 s at the beginning of a trial. Figure 4 . Stimuli from Experiment 3, which were identical to those of Gaspelin et al. (2017, Experiment 3) , except that the target and singleton color changed randomly trial by trial. The lines inside the shapes are increased in size for illustrative purposes-in the actual task, they were much smaller to strongly encourage overt eye movements. In grayscale versions of this figure, red objects are shown in light gray and green objects are shown in dark gray. Participants made a speeded button-press to the tilt of the line (left or right) inside the target shape. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
Analysis. The onset of a saccade was defined using a minimum eye velocity threshold of 30°/s and a minimum acceleration threshold of 9,500°/s 2 . To classify the landing position of the first saccade on each trial, an annulus was defined that was centered on the fixation cross, with an inner radius of 1.5°and an outer radius of 7.5°. First saccades were defined as the first eye movement landing inside the annulus. The landing position was then classified by selecting the nearest search item. This technique effectively created wedge-shaped interest areas around each search item. Saccadic latency was measured as the start time of the first saccade that landed in the annulus.
We excluded trials with abnormal manual RTs (less than 200 ms or greater than 2,000 ms, accounting for 0.6% of trials), trials in which participants made no eye movement (0% of trials), and trials with abnormal saccade latencies (less than 50 ms or greater than 1,000 ms, accounting for 1.2% of trials). Additionally, we excluded trials with manual response errors (0.8%) from all analyses except manual response error analyses. Altogether, 2.0% of trials were excluded. These trial-by-trial exclusion criteria were established a priori to match the methods of Gaspelin et al. (2017) . Mean accuracy was 96.7% (with the lowest observed accuracy being 91.7%). Figure 5a , manual responses in the search task were slower when the color singleton was present (883 ms) than when it was absent (870 ms): a 13-ms singleton presence cost, t(27) ϭ 2.222, p ϭ .035, d ϭ .420. Because singleton presence costs could reflect spatially nonspecific filtering costs (Folk & Remington, 1998) , the eyetracking data below will directly address whether overt visual attention was directed to the color singleton. Error rates were similar on singleton-absent trials (3.2%) and singleton-present trials (3.3%), t(27) ϭ .172, p ϭ .865, d ϭ .032.
Results
Manual responses. As shown in
First saccade destination. If the singleton distractor captures the eyes, the initial saccade should be more likely to move to the singleton distractor than to the average of the nonsingleton distractors. We therefore compared the number of first saccades allocated to each search item. We divided the number of saccades allocated to nonsingleton distractors by the number of nonsingleton locations, providing a "per location" measure (to allow for a fair comparison of singletons and nonsingleton distractors). As can be seen in Figure 5b , first eye movements were much more likely to be directed toward the singleton distractor (17%) than toward the average nonsingleton distractor (10%): a 7% oculomotor capture effect, t(27) ϭ 4.714, p Ͻ .001, d ϭ .891. This indicates that the color singleton captured overt attention in this study, whereas our previous study found that overt attention was suppressed at the location of the color singleton when its color remained constant over trials (Gaspelin et al., 2017) .
We also examined how the presence or absence of a singleton impacted first saccades to the target and nonsingleton distractor items. If the singleton captures the eyes, then the first saccade should be less likely to land on the target location. Indeed, first saccades were less likely to land in the target region when the singleton was present than when the singleton was absent (upper left of Figure 5b ). First saccades to the nonsingleton distractor locations were not influenced by the presence or absence of the color singleton.
Because saccades could be directed only to the target or to a nonsingleton distractor on singleton-absent trials, these two saccade destinations were not independent, making it inappropriate to conduct an ANOVA on the proportion of saccades that landed on these two locations. We therefore conducted a t test comparing the proportion of first saccades that were directed to the target on singleton-present versus singleton-absent trials. We found that the proportion of first saccades directed to the target location was significantly reduced (by 5%) on singleton-present trials compared to singleton-absent trials, t(27) ϭ 4.143, p Ͻ .001, d ϭ .783. These results provide additional evidence that first eye movements were captured by the irrelevant singleton, thereby decreasing the probability that the initial eye movement would be directed toward the target. Thus, participants were unable to suppress oculomotor capture by the color singleton when the specific color of this singleton varied unpredictably.
Across-experiment comparison. In the current experiment, we varied the color configuration randomly trial by trial (random This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
color), whereas Gaspelin et al. (2017, Experiment 3) used the same color configuration across the entire experimental session (constant color). Given that these two experiments were identical except for the randomization of the color configuration and the number of trials, we directly compared first eye movements across experiments. In the present random-color experiment, first eye movements were more likely to land on the singleton than the nonsingleton distractors. In the prior constant-color experiment, however, first eye movements were less likely to land on the singleton than the average nonsingleton distractor. These effects were formally analyzed by comparing oculomotor suppression effects-calculated as the likelihood of first fixating nonsingleton distractors minus the likelihood of first fixating singleton distractors-across experiments. As shown in Figure 5c , oculomotor suppression effects were significantly larger when the singleton color was held constant (ϩ7%) than when it varied randomly trial by trial (Ϫ7%), t(46) ϭ 7.483, p Ͻ .001, d ϭ 2.191. Saccadic latencies. The three suppression models do not make any clear predictions about saccadic latencies. However, for the sake of completeness, a table of saccadic latencies has been included in the online supplemental material. Note that the previous Gaspelin et al. (2017) eye-tracking study used saccadic latencies to rule out rapid disengagement models of suppression, in which an initial capture of attention by the singleton is rapidly followed by suppression. We found no oculomotor suppression in the current experiment, so there was no need to rule out rapid disengagement models.
Color-swap trials versus color-repeat trials. We also investigated the role of intertrial priming on attentional capture in the current experiment (Maljkovic & Nakayama, 1994) . When the singleton color was the target color from the previous trial (color-swap trial), priming should lead to particularly large capture effects. When the singleton color was repeated from the previous trial (color-repeat trial), however, any priming-induced capture effects should be eliminated. To investigate this, we separated the data into color-swap and color-repeat trials (as in Experiment 1). We then compared singleton presence costs and oculomotor suppression effects on color-swap and color-repeat trials. Notably, there were robust singleton presence costs and oculomotor capture effects on color-swap trials, but there was still no evidence of oculomotor suppression (see online supplemental material for details).
Discussion
In a previously published eye-tracking study, we found that people can suppress oculomotor capture by color singletons when the color configuration remained constant across the session (Gaspelin et al., 2017) . Experiment 3 used nearly identical methods, except that the singleton and nonsingleton colors varied randomly trial by trial. Here, the singleton was not suppressed-in fact, we found evidence that the singleton actually captured attention. These findings are incompatible with global salience-based models and second-order suppression models, but they are consistent with a first-order feature suppression model.
Experiment 4
Experiments 1-3 provided clear evidence that participants cannot suppress color singletons without first-order feature knowledge about an upcoming search display. All of these experiments used a similar tactic: We varied the upcoming singleton and nonsingleton colors randomly trial by trial, which prevents suppression based upon first-order features. We have assumed that the lack of suppression effects in those experiments reflected the unpredictability of the singleton color, but they could instead reflect the unpredictability of the nonsingleton color. In Experiment 4, we keep the nonsingleton color constant and use a somewhat different approach to varying the singleton color.
Specifically, we used an approach pioneered by Vatterott and Vecera (2012) , which examines whether participants can learn to suppress a given singleton color over a period of many trials. In that study, the color of the singleton distractor remained constant within a block but changed between blocks. The target color was constant throughout the experimental session. Manual RT data indicated that the singletons captured attention during the first half of a given block but not during the second half of the block. This suggested that participants were learning to suppress the color of the distractor over the course of a block. However, no evidence of suppression per se was obtained. The goal of the present study was to combine this approach with the eye-tracking methods of Experiment 3 to determine more conclusively whether participants learn to suppress the singleton color over the course of a block.
The color of the nonsingleton items (including the target) remained constant. The singleton color, however, was blocked into sets 120 trials (e.g., pink for the first 120 trials, green for the next 120 trials, etc.). First-order feature suppression models predict that, when the singleton color changes, oculomotor suppression effects should be temporarily disrupted until the participant can learn to suppress the new color. Second-order feature suppression models and global-salience models, however, predict that changing feature value of the color singleton should not matter-oculomotor suppression effects should remain robust when the singleton color changes from one block to the next.
We chose to examine suppression using the eyetracking methods of Experiment 3 rather than using the capture-probe paradigm used in Experiments 1 and 2. The present experiment requires dividing the trials into separate bins for different periods of time following a change in the singleton color. Because the probe paradigm provides data about suppression on only the 30% of trials that contain probes, it would have been difficult to subdivide the data further and still obtain reliable estimates of probe processing at each location. By contrast, the eye tracking paradigm yields useful data on every trial. In general, we find much larger effect sizes with the oculomotor measures than with the probe suppression effects, as indicated by the power analyses described for Experiments 1 and 3.
Method
All methods were identical to those of Experiment 3, except for the following changes. First, we ran a new sample of 28 participants, matching the sample size in Experiment 3 and our previous eye-tracking studies. Of these participants, 19 were female and nine were male. The mean age was 20.2 years.
Second, we carefully selected two new sets of photometrically isoluminant colors (see Figure 6 ). The first set was orange This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
.34), and purple (18.6 cd/m 2 , x ϭ .21, y ϭ .11). The colors within a set were chosen to be maximally different in hue. Participants performed two parts of the experiment, one with each color set. The nonsingleton color remained constant for a given color set, but the singleton color varied from block to block within a set. This made it possible to increase the number of different singleton colors that could be tested in a given participant while maintaining high levels of color discriminability between the target and singleton colors within a given trial block.
The order of color sets was counterbalanced across subjects. At the beginning of each color set, one color was randomly assigned as the target color (e.g., blue) and the other colors became possible singleton colors (e.g., pink, green, and orange). The task was divided into blocks of 120 trials, with a short rest period halfway through each block. The nonsingleton color remained constant for three blocks, but a different singleton color was chosen at random (without replacement) from the set possible singleton colors for each of these three blocks. After these three blocks, the colors switched to the second color set-again, one color was randomly assigned as the nonsingleton color (e.g., teal) and the other colors became possible singleton colors (e.g., red, purple, and brown). At the beginning of each block (and after the midblock rest), participants were shown the upcoming singleton color and were explicitly instructed to ignore that color. Finally, we replaced the square distractors with triangles, because previous experiments revealed that in the diamond target condition, square distractors elicited a large proportion of first fixations.
For the analyses, each block of 120 trials was divided into quarter-blocks of 30 trials so that we could examine how performance changed over the course of a block. This "bin size" of 30 trials was based on the bin size in Vatterott and Vecera (2012) and in previous eye-tracking studies conducted in our laboratory (Gaspelin et al., 2017; Leonard & Luck, 2011) . We then pooled the data for a given quarter-block across the remaining four singleton colors (the second two singleton colors for each color set), to increase statistical power. The first block from each color set was excluded to ensure that participants had plenty of opportunity to form a template of the target color for that color set.
Results
Manual responses by pooled quarter-block. Table 2 shows overall manual RT as a function of singleton presence and pooled quarter-block. Figure 7a shows singleton presence costs as a function of pooled quarter-block. In the final quarter-block, participants were actually faster when the singleton was present than when it was absent: a singleton presence benefit. Manual RTs were analyzed in a two-way repeated measures ANOVA with the factors quarter-block (1, 2, 3, 4) and singleton presence (present vs. absent). To avoid issues of sphericity, all reported p values were Greenhouse-Geisser corrected for ANOVAs with more than two levels of a given factor (which did not apply in Experiments 1-3). Manual responses were generally slower in the early quarterblocks (808 ms and 785 ms) than the late quarter-blocks (766 ms and 780 ms), F(3, 81) ϭ 10.002, p Ͻ .001, p 2 ϭ .270. Manual RTs were not significantly different for singleton present trials (781 ms) and singleton absent trials (789 ms), F(1, 27) ϭ 1.153, p ϭ .292, p 2 ϭ .041. A small singleton presence benefit (negative singleton presence cost) emerged in the final quarter-block (see Figure 7a ), but the main effect of quarter-block was not significant, F(3, 81) ϭ .870, p ϭ .453, p 2 ϭ .031. Planned t tests compared mean RT on singleton present and singleton absent trials in each quarter-block bin. There was no nonsignificant singleton presence cost or benefit in each of the first three quarter-blocks, but the singleton presence benefit was significant in the final quarterblock: Quarter-Block 1, t(27) ϭ .166, p ϭ .870, d ϭ .031; Quarter-Block 2, t(27) ϭ .541, p ϭ .593, d ϭ .102; t(27) ϭ .522, p ϭ .606, d ϭ .099; t(27) 
Given the nonsignificant ANOVA but the presence of a significant singleton presence benefit in the final quarter-block, these results are weakly consistent with the first-order feature suppression models. However, singleton presence costs/benefits on manual RT are a poor measure of suppression because they may be contaminated by filtering costs (Folk & Remington, 1998) , differences in overall RT (Gaspelin, Margett-Jordan, & Ruthruff, 2015) , Figure 6 . Stimuli from Experiment 4. Two color sets (1 and 2) were constructed from eight photometrically isoluminant colors. Note that the colors shown here may look quite different from the actual colors because of variations in how colors are rendered on different devices. From color set 1, a target color was randomly selected (e.g., blue) and the remaining colors became potential singleton colors that were blocked for 120 trials. Next, from Color Set 2, a new target color was randomly selected (e.g., teal) and the remaining colors became potential singleton colors. Half of the participants used color set 1 for the first half of the experiment and Color Set 2 for the second half, and this was reversed for the remaining participants. See the online article for the color version of this figure. Note. Singleton presence costs were calculated as mean response time on singleton present trials minus mean response time on singleton absent trials. Mean error rates are shown in parentheses. This document is copyrighted by the American Psychological Association or one of its allied publishers.
and dwell time after initial capture (Gaspelin, Ruthruff, & Lien, 2016) . The eyetracking data in the following section will directly address whether overt visual attention was directed to the color singleton.
The same ANOVA was conducted on mean error rates (see Table 2 ). There was a trend for error rates to shrink across quarter-blocks, F(3, 81) ϭ 2.592, p ϭ .068, p 2 ϭ .088. There was no significant difference in accuracy on singleton present and absent trials, F(1, 27) ϭ .0002, p ϭ .988, p 2 Ͻ .001. The interaction of singleton presence and quarter-block was also nonsignificant, F(3, 81) ϭ .536, p ϭ .637, p 2 ϭ .019. First saccade destination by pooled quarter-block. The landing position of first saccades separated by singleton presence and pooled quarter-block are shown in Table 3 . Oculomotor suppression effects, calculated as the percentage of first saccades to the average of the nonsingleton distractors minus percentage of first saccades to the singleton distractor, are shown in Figure 7b . As can be seen, oculomotor suppression effects were absent in the first quarter-block (Ϫ0.3%). However, oculomotor suppression effects were robust in the final quarter-block (6.1%). We formally analyzed these oculomotor suppression effects in a one-way repeated measures ANOVA with the factor pooled quarter-block (1, 2, 3, 4) . This revealed that suppression effects changed significantly across the quarter-blocks, F(3, 81) ϭ 7.941, p Ͻ .001, p 2 ϭ .227. Planned t tests assessed the statistical significance of each oculomotor suppression effect at each quarter-block by comparing the percentage of first saccades to land on nonsingleton distractors with the percentage of first saccades to land on singletons. In this first quarter-block, there was no oculomotor suppression effect (Ϫ0.3%), t(27) ϭ .171, p ϭ .866, d ϭ .032. Suppression effects were significant; however, in the second quarter-block (4.7%), t(27) ϭ 2.894, p ϭ .007, d ϭ .547, third quarter-block (4.6%), t(27) ϭ 3.017, p ϭ .006, d ϭ .570, and fourth quarter-block (6.2%), t(27) ϭ 4.851, p Ͻ .001, d ϭ .917. These results are consistent with a model in which suppression builds up as participants gain experience with the singleton color value. We provide a more fine-grained analysis of the time course of suppression in a later section.
Oculomotor suppression effects interrupted by singleton color switch. The key comparison in this experiment was to see if changing the singleton color temporarily eliminated oculomotor suppression effects, which requires comparing the amount of suppression at the end of one block with the amount of suppression at the beginning of the next block. Table 4 shows probe suppression effects for each color switch (e.g., the final quarter-block of Singleton Color 1 to the first quarter-block of Singleton Color 2). The switch from Singleton Color 3 to Singleton Color 4 was excluded, because the relevant target color also changed (refer to Figure 6 ). Oculomotor suppression effects were clearly reduced each time the singleton color changed its color value. To improve statistical power, we pooled the oculomotor suppression effects across all four of these singleton-color switches. The pooled values (see bottom row of Table 4) show that oculomotor suppression effects were reduced from 5.8% in the preswitch quarter-block to Ϫ0.1% in the postswitch quarter-block, t(27) ϭ 3.262, p ϭ .003, d ϭ .616.
Running averages of oculomotor suppression effects. We also developed a more continuous measure of changes in singleton processing over the course of each block. We first pooled the data across the four color sets (excluding the first block for a given color set), just as before. We then calculated a running average of oculomotor capture effects across sets of 11 consecutive trials (Trial t -5 through Trial t ϩ 5). Because the data were pooled across four blocks of trials, each time point was an average computed from 44 trials (i.e., 4 color sets ϫ 11 trials). Oculomotor suppression effects were calculated just as they were in our previous analyses-by subtracting the percentage of first saccades allocated to the average of the nonsingleton distractors minus the percentage of first saccades allocated to the singleton. Note. Suppression effects were calculated as percentage of first fixations to the nonsingleton distractor minus the percentage of first fixations to the singleton distractor on singleton present trials. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
As can be seen in Figure 8 , oculomotor suppression effects gradually increased as participants gained experience with a specific singleton color value. At the beginning of a block, immediately after a change in the singleton color, first saccades were biased toward the singleton distractors compared to nonsingleton distractors (oculomotor capture). However, as participants gained experience with a given singleton color value, they gradually became biased away from the singleton distractors (oculomotor suppression). We performed t tests at each time point comparing the percentage of first fixations to the singleton and the average nonsingleton. As can be seen by the confidence intervals (shaded gray), both the initial oculomotor capture effect and final oculomotor suppression effect were highly significant.
These timecourse analyses involved a large number of statistical tests, but typical corrections for multiple comparisons would be overly conservative given that these tests were not independent. For this reason, we conducted an additional analysis that provides a better correction for multiple comparisons. Specifically, we used a nonparametric permutation-based analysis that was originally developed to assess timecourse differences between event-related potentials (Groppe, Urbach, & Kutas, 2011; Maris & Oostenveld, 2007) , but has been adapted to look at timecourse differences in eye movements (Gaspelin et al., 2017; Oakes, Baumgartner, Barrett, Messenger, & Luck, 2013) . This approach asks whether the observed length of a run of significant t values is greater than expected by chance. A permutation analysis is conducted in which the location labels for the singleton and nonsingleton items are randomly permuted trial by trial prior to the analyses, and this is repeated 1,000 times to yield an empirical null distribution of the number of consecutive significant differences that would be expected by chance. If the observed number of consecutive significant differences is beyond the 95th percentile of this null distribution, then that period of differences is considered statistically significant. Indeed, the observed run length of the oculomotor suppression was well above the 95th percentile of the null distribution (which was 9 consecutive points).
Saccadic latencies. None of the three models tested in this article make explicit predictions about saccadic latencies. But, for the sake of completeness and for comparison with our previous eyetracking studies (Gaspelin et al., 2017) , we have included analyses of saccadic latencies in the online supplemental materials.
Discussion
Participants in this experiment performed the same eyetracking task used in Experiment 3, but the singleton color changed after every block of 120 trials. The singleton captured overt attention for the first approximately five trials following a change in the color of the singleton, but by the end of a block it was suppressed. This is exactly what would be expected if participants learned to suppress a given singleton color value and were briefly unable to suppress the singletons after a color change. By contrast, secondorder and global salience suppression models would predict no impairment in singleton suppression when the singleton's color changes.
General Discussion
Previous research has demonstrated that salient items can be suppressed below baseline levels of processing (Gaspelin et al., , 2017 . However, the precise nature of this suppressive mechanism was unclear. In the current study, we tested between three classes of models (see Table 1 ). According to global-salience suppression models and second-order feature models, people require no foreknowledge about specific feature values of salient items to suppress them. Rather people can simply suppress salient items on the basis of their bottom-up salience signal within a priority map or on the basis of a local feature discontinuity, respectively. According to first-order suppression models, however, people require foreknowledge of the specific feature values of the salient items to suppress them. To our knowledge, no previous studies have directly attempted to distinguish among these models. The few relevant studies that have come close have provided mixed results (Arita et al., 2012; Graves & Egeth, 2016; Vatterott & Vecera, 2012; Sawaki & Luck, 2010; Note. Suppression effects were calculated as the percentage of first eye movements to nonsingleton distractors minus the those to singleton distractors. Suppression effect reduction was calculated a preswitch suppression minus postswitch suppression. Pooled analyses averaged the four singleton-color switches for added statistical power. Oculomotor capture was calculated as the percentage of first saccades to the average of the nonsingleton distractors minus the percentage of first saccades to singleton distractors. Shaded gray regions reflect the withinsubject 95% confidence intervals. This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. . Problematically, none of these studies used measures that can directly compare the processing at the singleton location to the processing at the nonsingleton distractor locations, which is necessary for drawing strong conclusions about suppression. The present study was conducted to provide such measures.
Evidence for First-Order Suppression
Experiment 1 used a variation on the capture-probe paradigm, in which robust suppression effects were previously observed when the singleton color was predictable (e.g., . Here, we made the colors unpredictable to determine if suppression is possible when the features of the singleton are unknown. This eliminated the probe suppression effect-participants were equally likely to report letters at the singleton and nonsingleton distractor locations. These results are consistent with first-order feature suppression models, but are inconsistent with global salience suppression and second-order feature suppression models. Experiment 2 replicated this basic result in an experimental design with greater color variability and with timing parameters that provided more opportunity to observe suppression if it was present.
Experiment 3 provided converging evidence using measures of overt attention. The search task was nearly identical to that used in Experiments 1 and 2, except for small changes designed to encourage the use of eye movements. A previous study using this eye-tracking technique showed that the initial eye movement on a given trial avoided the color singleton when its color was predictable (Gaspelin et al., 2017, Experiment 3) . We replicated the design of this experiment, except that we varied the colors of the singleton and nonsingleton randomly trial by trial. Oculomotor suppression effects were completely eliminated. If anything, the color singleton now captured overt attention. These findings provide converging evidence in favor of first-order feature suppression models and against global salience/second-order feature suppression models.
Experiment 4 provided further evidence for the importance of first-order features in singleton suppression. The nonsingleton color remained constant over multiple blocks, but the singleton color changed from block to block (as in the previous RT study of Vatterott & Vecera, 2012) . First-order suppression models predict that suppression should be temporarily disrupted when the singleton changes to a new color. Second-order suppression models and global salience models, however, both predict that changes in the specific color of the singleton should not disrupt suppression because suppression in these models is not based on the first-order color of the singleton. The data clearly supported first-order suppression models: Suppression was disrupted for several trials after a change in the color of the singleton. As participants gained experience with the new color value, suppression returned. Running averages across trials suggested that attention was captured by the singleton for approximately 5 trials after a change in the color of the singleton, followed by a statistically significant suppression after several trials with a given singleton color. This pattern directly contradicts second-order and global salience models, which posit no role of the singleton's first-order features. The results, instead, support first-order feature suppression models. Sawaki and Luck (2010, Experiment 3) reached the opposite conclusion of these experiments, albeit using the P D component to index suppression. In that study, the color of the singleton and nonsingleton colors varied randomly trial by trial (analogous to our Experiment 1), yet the singleton elicited a robust P D component, which was consistent with global salience/second-order feature suppression models. We fully expected to find analogous results in the present behavioral experiments, but these four experiments consistently demonstrated that first-order information was necessary for suppression. One possibility is that the P D may reflect a suppressive mechanism that impacts some aspects of behavior and not others, but further research is needed to resolve this discrepancy.
A more general possibility is that some suppression can be achieved without foreknowledge of the singleton's upcoming feature value, but that this suppression is too weak to suppress the singleton below baseline (i.e., below the level of the nonsingleton distractors). In other words, second-order feature suppression or global salience suppression mechanisms may have been operating in the present experiments to reduce the amount of attention capture even if they were unable to eliminate the capture or suppress the singleton below baseline. Thus, although the present results demonstrate that first-order suppression mechanisms exist and are very powerful, we cannot entirely rule out the existence of weaker second-order feature suppression and global salience suppression mechanisms. Relatedly, it is also plausible that, with extensive practice or training, participants could eventually learn to suppress singletons based upon their salience alone (and would require no first-order feature information about the singletons). Future research should investigate these issues.
Distractor Suppression or Target Upweighting?
Although the results of the present study and our previous studies (Gaspelin et al., , 2017 are naturally explained by a first-order suppression model, they can also be explained by an alternative model that relies on first-order features but does not involve suppression per se. Such a model would be identical to Wolfe's guided search model (Wolfe, 1994; Wolfe et al., 1989) and similar to many other models of visual search (Treisman & Gelade, 1980) . According to this alternative explanation, visual attention boosts the search priority of items with target-matching features, including the nonsingleton distractors, and the singleton appears to be suppressed only by comparison with these higherpriority items. We call this target-feature upweighting (see Bichot, Rossi, & Desimone, 2005) to highlight the distinction between this mechanism and mechanisms that involve directly suppressing the distractor features.
In our experiments with a predictable singleton color, the color of the target (and the nonsingleton distractors) was also highly predictable. If participants increase the priority of the target color, this will also increase the priority of the nonsingleton distractors (which have the same color as the target) relative to the singleton distractor. As a result, performance at the singleton location will be reduced compared to performance at the nonsingleton locations, creating the appearance of suppression at the singleton location when in fact it is a result of upweighting the target color (and hence the nonsingleton distractor color). Upweighting-based models could also explain speeded RTs on singleton-present trials compared to singleton-absent trials-fewer items are boosted on trials when the singleton is present, speeding target detection. This document is copyrighted by the American Psychological Association or one of its allied publishers.
The results of Experiment 4 are not as easily explained by target-feature upweighting. After all, suppression was momentarily disrupted by changing the singleton color, even when the relevant, to-be-upweighted color was held constant, which is most naturally explained by a mechanism that directly suppresses the singleton color. However, target-feature upweighting could still explain these results if we assume that participants boosted color values that were close to the target color value but were slightly shifted away from the singleton color value. For example, when searching for a blue target and avoiding green singletons, participants may boost a relevant feature value somewhere between blue and pink (see the color wheel at the top of Figure 6 ). This is quite plausible, because psychophysical and neuroimaging data indicate that people will use a template that is shifted away from the true target value to increase discriminability between the target and the likely distractors (e.g., see Navalpakkam & Itti, 2007; Scolari & Serences, 2009 ). Thus, although the results of Experiment 4 are most naturally explained by suppression of the singleton color, we cannot rule out target-feature upweighting.
It should be noted that singleton suppression and targetfeature upweighting are not necessarily mutually exclusive, and this may turn out to be an empty theoretical distinction. Some existing evidence suggestions that the visual system may simultaneously suppress distractor features and enhance target features to guide search (e.g., see Andersen & Müller, 2010; Navalpakkam & Itti, 2007) . For example, Andersen and Müller had participants search displays of randomly moving blue and red dots to detect brief intervals of coherent motion. At the beginning of a trial, the fixation cross turned either blue or red to denote which color to monitor for coherent motion. The authors recorded steady state-evoked potentials (SSVEPs) independently from the blue and red stimuli, using the SSVEP amplitude prior to the color cue as a neutral baseline for comparison. After the appearance of the color cue, there was both an increase in the SSVEP amplitude for the relevant color and a decrease in the SSVEP amplitude for the ignored color, indicating concurrent suppression and enhancement.
The idea that first-order features can be used to guide visual attention is not new. According to guided search models, the visual system parses a scene into a series of low-level feature maps (Wolfe, 1994 (Wolfe, , 2006 Wolfe et al., 1989) . These maps are used to generate an activation map, whereby items in the visual field are assigned a weight denoting attentional priority. Critically, this guidance map is constructed preattentively (i.e., in parallel with no attentional restrictions). Traditionally, guided search models have traditionally been couched in terms of upweighting-relevant features are boosted. However, guided search models could easily accommodate the burgeoning evidence for suppression by positing that simple features can guide attention via both upweighting and downweighting. Indeed, when Treisman's feature integration theory was updated to take into account the evidence for guided search, the revised theory proposed that irrelevant features were downweighted (Treisman & Sato, 1990 ).
Other Classes of Salient Stimuli
Almost all of the research on the suppression of attentional capture has used one class of salient stimuli: color singletons (e.g., Gaspar & McDonald, 2014; Gaspelin et al., , 2017 Sawaki & Luck, 2010; Vatterott & Vecera, 2012) . It is unclear if other types of salient stimuli, such as objects that appear suddenly (called abrupt onsets), can be suppressed. Much evidence suggests that onsets can capture attention under circumstances where color singletons cannot (Franconeri & Simons, 2003; Jonides & Yantis, 1988) . Furthermore, some of the evidence supporting goal-driven accounts claiming that abrupt onsets do not capture attention may have been flawed (Folk & Remington, 2015; Gaspelin et al., 2016) .
Conclusions
In summary, the current experiments demonstrate that our previously observed attentional suppression effects (e.g., Gaspelin et al., , 2017 critically depend on foreknowledge of the firstorder feature values in the search display. Without foreknowledge of the upcoming singleton color value, participants cannot bias attentional allocation away from that item. This directly contradicts models proposing that salient items can be suppressed on the basis of a feature-independent salience signal but is consistent with first-order suppression models, consistent with decades-old models of visual search (Wolfe et al., 1989; Treisman & Sato, 1990) .
